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ABSTRACT  23 
The aims of this investigation were to describe the central alterations of neuromuscular 24 
function induced by exhaustive high intensity one leg dynamic exercise (OLDE, study 1), and 25 
to indirectly quantify feedback from group III-IV muscle afferents via muscle occlusion 26 
(MO, study 2) in healthy adult male humans. We hypothesized that these central alterations 27 
and their recovery are associated with changes in afferent feedback. Both studies consisted of 28 
two time to exhaustion tests at 85% peak power output. In study 1, voluntary activation level 29 
(VAL), M-wave (M), cervicomedullary motor evoked potential (CMEP), motor evoked 30 
potential (MEP) and MEP cortical silent period (CSP) of the knee extensor muscles were 31 
measured. In study 2, mean arterial pressure (MAP) and leg muscle pain were measured 32 
during MO. Measurements were performed pre-exercise, at exhaustion and after three 33 
minutes recovery. Compared to pre-exercise values, VAL was lower at exhaustion (-13±13%, 34 
P<0.05) and after three minutes recovery (-6±6%, P=0.05). CMEParea/Marea was lower at 35 
exhaustion (-38±13%, P<0.01) and recovered after three minutes. MEParea/Marea was higher at 36 
exhaustion (+25±27%, P<0.01) and after three minutes recovery (+17±20%, P<0.01). CSP 37 
was higher (+19±9%, P<0.01) only at exhaustion and recovered after three minutes. Markers 38 
of afferent feedback (MAP and leg muscle pain during MO) were significantly higher only at 39 
exhaustion. These findings suggest that the alterations in spinal excitability and CSP induced 40 
by high intensity OLDE are associated with an increase in afferent feedback at exhaustion, 41 
whilst central fatigue does not fully recover even when significant afferent feedback is no 42 
longer present. 43 
250 words  44 
45 
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cpm, contractions per minute; CMEP, cervicomedullary evoked motor potential; CSP, 51 
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oxyhaemoglobin; OLDE, one leg dynamic exercise; OLDEexh, experimental session with 55 
testing shortly after exhaustion; OLDE3min, experimental session with testing after three 56 
minutes recovery; RMS, root mean square; VAL, voluntary activation level; VL, vastus 57 
lateralis; RFD, rate of force development; tHb, total haemoglobin; Tw, peak twitch.  58 
 59 
 60 
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INTRODUCTION  63 
One leg dynamic exercise (OLDE) is characterized by rhythmic voluntary isotonic 64 
contractions of the knee extensor muscles interspaced by passive knee flexions (8). Contrary 65 
to whole-body dynamic exercise (e.g. cycling), due to the reduced muscle mass involved, 66 
OLDE is not limited by cardiorespiratory function (54). Therefore, OLDE has been used with 67 
patients suffering from cardiorespiratory limitations (53, 55), for studying mechanisms 68 
regulating circulatory responses to dynamic exercise (6, 27), and as a training method to 69 
improve muscle oxidative capacity (1). Furthermore, high intensity OLDE has recently been 70 
used to investigate the role of the central nervous system in muscle fatigue and exercise 71 
performance (7, 54, 56). Thus, the use of OLDE is of particular interest for researchers, 72 
clinicians and athletes. 73 
Contrary to one leg isometric exercise (e.g. 30, 32, 52) and one leg isokinetic 74 
eccentric and concentric exercise (e.g. 9), neuromuscular alterations induced by OLDE have 75 
been scarcely investigated. OLDE has been shown to induce a progressive decrease in 76 
maximal voluntary contraction (MVC) force/torque up to ~50% of pre-exercise values (24). 77 
This muscle fatigue is associated with both peripheral fatigue (i.e. fatigue produced by 78 
changes at or distal to the neuromuscular junction; 25) and central fatigue (i.e. decrease in 79 
voluntary activation level during maximal voluntary muscle contractions; 25) (54, 56). 80 
However, it has to be noted that measures of peripheral fatigue and central fatigue were taken 81 
within 2.5 min after cessation of exercise (54, 56). Therefore, as muscle fatigue recovery is 82 
known to plateau within 1-2 min post exercise (23), the true extent of muscle fatigue at 83 
exhaustion following OLDE remains unknown. Furthermore, it is well known that fatiguing 84 
exercise induces not only a decrease in voluntary activation level, but also alterations in 85 
cortical and spinal excitability (for review see 25). To the best of our knowledge, no study 86 
has investigated how high intensity OLDE affects cortical and spinal excitability. In the 87 
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present investigation, we assessed the extent of central alterations of neuromuscular function 88 
(i.e. decrease in voluntary activation level and changes in corticospinal excitability) and their 89 
recovery following exhaustive high intensity OLDE. 90 
Group III-IV muscle afferents are free nerve endings activated by contraction-induced 91 
mechanical and chemical stimuli (39, 57). It has been proposed that this afferent feedback 92 
from fatigued locomotor muscles might be one of several contributors of central fatigue by 93 
spinal (for review see 25) and supraspinal reflexes (for review see 2, 25), but could also alter 94 
corticospinal excitability (for review see 25). However, in these studies, feedback from group 95 
III-IV muscle afferents was never quantified. Indeed, to date there is no non-invasive 96 
methodology to directly quantify feedback from group III-IV muscle afferents in humans. 97 
Conveniently, feedback from group III-IV muscle afferents is known to increase mean 98 
arterial pressure (MAP; 15, 40). This response is called metaboreflex and is independent of 99 
central motor command (40, 45). Furthermore, in the absence of central motor command 100 
which is known to alter pain perception (19), rating of muscle pain reflects feedback from 101 
group III-IV muscle afferents (50). Therefore, when measurements are performed in the 102 
absence of central motor command (i.e., during muscle occlusion), MAP and leg muscle pain 103 
could be considered markers to indirectly quantify feedback from group III-IV muscle 104 
afferents.  105 
The aims of this investigation were to describe the dynamics of central alterations of 106 
neuromuscular function induced by exhaustive high intensity OLDE (study 1), and to 107 
indirectly quantify feedback from group III-IV muscle afferents via muscle occlusion (study 108 
2). We hypothesized that central alterations of neuromuscular function induced by exhaustive 109 
high intensity OLDE and their recovery are associated with changes in afferent feedback. As 110 
central fatigue and peripheral fatigue induced by exercise might be underestimated if 111 
significant recovery occurs between cessation of exercise and start of neuromuscular testing 112 
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(12), we used an OLDE model developed in our laboratory to perform both high intensity 113 
OLDE and neuromuscular testing on the same dynamometer.  114 
 115 
 116 
 117 
 118 
 119 
 120 
 121 
 122 
 123 
 124 
 125 
 126 
 127 
 128 
 129 
 130 
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METHODS  131 
Subjects and Ethical Approval 132 
Ten subjects (mean ± SD; 8 males, age: 27 ± 4 yr, height: 182 ± 3 cm, weight: 82 ± 12 133 
kg, BMI: 25 ± 3 kg/m2; 2 females, age: 26 ± 2 yr, height: 171 ± 9 cm, weight: 66 ± 2 kg, 134 
BMI: 23± 2 kg/m2) volunteered to participate in study 1 and eight male subjects (age: 25 ± 3 135 
yr, height: 180 ± 6 cm, weight: 78 ± 15 kg, BMI: 24 ± 4 kg/m2) volunteered to participate in 136 
study 2. Five males participated in both studies. All subjects were regularly involved in 137 
aerobic exercise for at least two times a week in the previous six months. This level of 138 
aerobic training corresponds to the performance level 2 in the classification of subject groups 139 
in sport science research (17). None of the subjects had any known mental or somatic 140 
disorder. Each subject gave written informed consent prior to the study. Experimental 141 
protocol and procedures were approved by the local Ethics Committee of the School of Sport 142 
and Exercise Sciences, University of Kent. The study conformed to the standards set by the 143 
World Medical Association Declaration of Helsinki “Ethical Principles for Medical Research 144 
Involving Human Subjects” (2008). All subjects were given written instructions describing 145 
all procedures related to the study but were naive of its aims and hypotheses. At the end of 146 
the last session, subjects were debriefed and asked not to discuss the real aims of the study 147 
with other participants.  148 
 149 
Experimental Protocol  150 
Each of the two studies described below included two experimental sessions (one with 151 
testing shortly after exhaustion and one with testing three minutes after exhaustion) to avoid 152 
the confounding effects of testing shortly after exhaustion on subsequent recovery of 153 
neuromuscular parameters (study 1) and markers of feedback from group III-IV muscle 154 
afferents (study 2). Furthermore, as MAP and leg muscle pain can be considered as markers 155 
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of feedback from group III-IV muscle afferents only in the absence of central motor 156 
command (40, 50), neuromuscular testing (study 1) and muscle occlusion (study 2) were 157 
performed in two separate studies. 158 
Study 1. The main aim of this study was to assess central fatigue and changes in 159 
corticospinal parameters shortly after exhaustion (OLDEexh) and after three minutes of 160 
recovery (OLDE3min) following exhaustive high intensity OLDE (intensity fixed at 85% peak 161 
power output and average RPE>14; 20). Subjects visited the laboratory on four different 162 
occasions. During the first visit, subjects were familiarized with all experimental procedures, 163 
including OLDE (see One Leg Dynamic Exercise for more details) and neuromuscular testing 164 
(see Neuromuscular Function Tests for more details). As suggested by Andersen et al. (8), 165 
torque and electromyographic (EMG) feedback were used during the first visit to ensure a 166 
quick and reliable familiarization to the OLDE model used in the present investigation. 167 
During the second visit, a preliminary OLDE incremental test was performed to determine 168 
peak power output (see One Leg Dynamic Exercise for more details). After thirty minutes of 169 
recovery, subjects were familiarized with neuromuscular testing and performed a time to 170 
exhaustion test at 85% of peak power output. During the third and fourth visits, subjects 171 
performed a time to exhaustion test at 85% of peak power output, with neuromuscular testing 172 
being performed either shortly after exhaustion, or after three minutes of passive recovery (no 173 
leg movement with knee angle fixed at 90°) in a randomized and counterbalanced order. 174 
Study 2. The main aim of study 2 was to indirectly assess feedback from group III-IV 175 
muscle afferents via measurement of MAP and leg muscle pain during muscle occlusion 176 
shortly after exhaustion (OLDEexh) and after three minutes recovery (OLDE3min) following 177 
exhaustive high intensity OLDE. Muscle oxygenation was also recorded via near-infrared 178 
spectroscopy during exercise and subsequent recovery. Experimental procedures are similar 179 
as those in study 1 with muscle occlusion (see Markers of Feedback from Group III-IV 180 
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Muscle Afferents for more details) performed instead of neuromuscular testing. An overview 181 
of visits three and four can be seen in figure 1. 182 
Each visit was interspaced by a minimum of 48 hours recovery. All participants were 183 
given instructions to sleep for at least 7 hours, refrain from the consumption of alcohol, and 184 
not to undertake vigorous physical activity the day before each visit (compliance checked 185 
before each visit). Participants were also instructed not to consume caffeine and nicotine at 186 
least 3 hours before testing, and were asked to declare if they were ill and/or were taking any 187 
medication. 188 
 189 
INSERT FIGURE 1  190 
 191 
One Leg Dynamic Exercise 192 
Model Development. The OLDE model we used for the present study was developed 193 
to reproduce the exercise model of Andersen et al. (8) on a dynamometer to remove the time 194 
delay involved in transferring the participant from the exercising ergometer to the 195 
dynamometer used to measure neuromuscular function. This new OLDE model allows 196 
isolating the knee extensor muscles during a dynamic exercise involving an active isotonic 197 
knee extension and a passive knee flexion. We carefully controlled the power output 198 
produced by the subject according to the formula: 199 
ܲ = ܶ ×  ߠ 
P corresponds to the power expressed in watt (W), ܶ the torque in newton meter (N·m) and ߠ 200 
the angular speed in rad/s. 201 
OLDE was performed on a Cybex NORM dynamometer (CMSi, Computer Sports 202 
Medicine Inc., Stoughton, USA) with customized software specially designed by the 203 
company for our experiment. The axis of the dynamometer was aligned with the knee axis, 204 
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and the lever arm was attached to the shank with a strap. Two shoulder harnesses and a belt 205 
across the abdomen limited extraneous movement of the upper body. As used in previous 206 
studies using the original exercise model of Andersen et al. (8), a range of motion from 10° to 207 
90° (0° = knee fully extended) was chosen (7, 56). The software was configured for a passive 208 
flexion (CPM mode) speed of 300°/s automatically cushioned by the dynamometer for safety 209 
purposes (speed of the arm movement decreasing when close to the range of motion to 210 
protect the subject). Due to this cushion, the passive knee flexion speed was ~180°/s. After 211 
pilot testing in our laboratory, a cadence of 50 contractions per minute (cpm) was chosen, 212 
thus allowing an active knee extension of ~106°/s. Therefore, during the incremental test 213 
performed on the dynamometer, each isotonic increment of 1 N·m corresponded to an 214 
increment of ~1.85 W. Subjects maintained a cadence of 50 cpm at all visits via the use of a 215 
metronome.  216 
Incremental test. During the second visit, a preliminary OLDE incremental test was 217 
performed to measure peak power output (study 1: 72.6 ± 37.4 W, study 2: 65.3 ± 28.1 W). 218 
For males, the incremental test started with the isotonic resistance set at 4 N·m (~7.4 W) for 1 219 
min, and increased each minute by 3 N·m (~4.5 W) until exhaustion. For females, the 220 
isotonic resistance was set up at 4 N·m (~7.4 W) for 1 min and increased each minute by 2 221 
N·m (~3.7 W) until exhaustion. Exhaustion was defined as a decrease in cadence below 40 222 
cpm for a duration ≥10 s despite strong verbal encouragement. 223 
Time to exhaustion test. After three minutes warm up at 20% of peak power output, 224 
subjects performed a time to exhaustion at 85% of peak power output (study 1: 61.7 ± 31.6 225 
W, study 2: 55.5 ± 23.9 W). Exhaustion was defined as a decrease in cadence below 40 cpm 226 
for a duration ≥10 s. Rating of perceived exertion referred to the exercising leg (leg RPE) and 227 
leg muscle pain were recorded during the last 15 s of the warm up (baseline) and at 228 
exhaustion using the 6-20 Borg scale (10) and Cook scale (49) respectively. 229 
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 230 
INSERT FIGURE 2 231 
 232 
Neuromuscular Function Tests 233 
In study 1, each session began with a warm-up of 10 brief (4 s) submaximal voluntary 234 
isometric contractions at 50% of the estimated MVC torque, followed by a 1-min rest before 235 
neuromuscular testing. A 4 s MVC with superimposed doublet was performed followed by a 236 
resting potentiated doublet (4 s post MVC). After the MVC, subjects performed four brief (3 237 
s) submaximal contractions at 50% MVC with superimposed transcranial magnetic 238 
stimulation and one submaximal contraction at 50% MVC with superimposed femoral nerve 239 
stimulation. Six subjects tolerated electrical cervicomedullary stimulation, and so also 240 
performed four brief (3 s) submaximal contractions at 50% MVC with superimposed 241 
cervicomedullary stimulation, interspaced between the transcranial magnetic stimulations and 242 
femoral nerve stimulation. The target contraction of 50% MVC corresponds to the MVC 243 
previously performed (i.e. MVC pre-exercise and MVC post-exercise). Each contraction was 244 
interspaced by 3 s. Once transcranial magnetic stimulation and cervicomedullary stimulation 245 
were performed, three single resting femoral nerve stimulations (interspaced by 3 s) were 246 
performed. An overview of stimulation timing can be found in figure 1. Visual force 247 
feedback and strong verbal encouragement were provided during MVCs. 248 
Femoral nerve stimulation. A high-voltage constant-current stimulator (maximal 249 
voltage 400 V, model DS7 modified, Digitimer, Hertfordshire, UK) was used to perform 250 
transcutaneous electrically-evoked contractions of the knee extensor muscles. The femoral 251 
nerve was stimulated using a surface electrode (Swaromed, Nessler Medizintechnik, ref 1066, 252 
Innsbruck, Austria) positioned over the nerve, high in the femoral triangle. The anode was a 253 
rectangular electrode (10 × 5 cm, Phoenix Healthcare Products Ltd., Nottingham, UK) 254 
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located in the gluteal fold opposite to the cathode. The optimal intensity of stimulation 255 
required to evoke a maximal compound muscle action potential (Mmax) was determined at rest 256 
and during brief (3 s) submaximal isometric contractions of the knee extensor muscles (~50% 257 
MVC). The optimal intensity of stimulation was set to 130% of that required to elicit Mmax 258 
during the submaximal isometric contraction (current higher during submaximal contractions 259 
compared to rest). Stimulation intensity was determined before each session and kept 260 
constant throughout the protocol (mean current, 364 ± 57 mA). The stimulus duration was 261 
200 μs and the interval of the stimuli in the doublet was 10 ms (100 Hz frequency).  262 
Transcranial magnetic stimulation. A magnetic stimulator (Magstim 2002, The 263 
Magstim Company Ltd, Whitland, UK) was used to deliver transcranial magnetic stimulation. 264 
A concave double cone coil (110 mm diameter) was held over the vertex (postero-anterior 265 
intracranial current flow) to elicit motor evoked potentials (MEP) in the right knee extensor 266 
muscles. The optimal coil position (marked on the scalp with permanent marker) was 267 
determine to elicit a large MEP in the exercising vastus lateralis, and a small MEP in the 268 
biceps femoris (<10% of the raw quadriceps MEP amplitude). The stimulator output intensity 269 
(mean: 56 ± 9% of maximum stimulator output) was set to produce the largest possible MEP 270 
in the vastus lateralis, while causing a small MEP in the biceps femoris during brief (3 s) 271 
submaximal isometric contractions of the knee extensor muscles at 50% MVC (61). MEPs 272 
were elicited at 50% MVC as this intensity of submaximal isometric contraction is known to 273 
provide the most stable and informative cortical silent period (CSP, 59). Because cortical 274 
silent period is known to be influenced by instructions provided to the subjects, subjects were 275 
instructed “to contract as fast as possible after the stimulation” (25, 43). This instruction is 276 
known to provide the most reliable cortical silent period (43). The stimulator output was 277 
determined before the experiment on each day and was kept constant throughout the protocol. 278 
All MEP parameters at exhaustion were obtained within ~50 s. 279 
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  Cervicomedullary stimulation. The corticospinal tract was stimulated via a high-280 
voltage constant-voltage stimulator (maximal voltage 1000 V, model D185, Digitimer, 281 
Hertfordshire, UK). Surface EMG electrodes (Ambu Neuroline 720, Ambu, Ballerup, 282 
Denmark) were positioned 1-2 cm posterior and superior to the tip of the mastoid process 283 
(cathode on the left side). The stimulus intensity required to evoke a maximal 284 
cervicomedullary motor evoked potential (CMEP) was determined during brief (3 s) 285 
submaximal isometric contractions at 50% MVC before the experiment on each day. 50% 286 
MVC was chosen to elicit CMEP at the same submaximal isometric contraction intensity 287 
used to elicit MEP. All CMEP parameters at exhaustion were obtained within ~81 s. The 288 
stimulator output (mean current: 375 ± 54 V) was determined before the experiment on each 289 
day and was kept constant throughout the protocol. 290 
  Mechanical recordings. Mechanical parameters were recorded using the same 291 
dynamometer used to perform the time to exhaustion tests (Cybex NORM isokinetic 292 
dynamometer, CMSi, Computer Sports Medicine Inc., Stoughton, USA). Neuromuscular 293 
function tests were performed with the right leg at a knee joint angle of 90° of flexion (0° = 294 
knee fully extended) and a hip angle of 90°. The following parameters were analyzed from 295 
the twitch response (average of 3 single stimulations interspaced by 3 s): peak twitch (Tw), 296 
time to peak twitch (contraction time, Ct) and average rate of force development (RFD = 297 
Tw/Ct). The peak torque of the doublet (potentiated doublet, 4 s after the MVC) was also 298 
analyzed. MVC torque was considered as the peak torque attained during the MVC. 299 
Voluntary activation level (VAL) during the MVC was estimated according to the following 300 
formula: 301 
ܸܣܮ = 100 ×  (1 −  ௦௨௣௘௥௜௠௣௢௦௘ௗ ௗ௢௨௕௟௘௧ ௔௠௣௟௜௧௨ௗ௘௣௢௧௘௡௧௜௔௧௘ௗ ௗ௢௨௕௟௘௧ ௔௠௣௟௜௧௨ௗ௘ ) 302 
All voluntary activation level measures at exhaustion were obtained within ~15 s. 303 
Mechanical signals were digitized on-line at a sampling frequency of 1 kHz using a 304 
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computer, and stored for analysis with commercially available software (AcqKnowledge 4.2 305 
for MP Systems, Biopac Systems Inc., Goleta, USA).  306 
Electromyographic recordings. EMG of the vastus lateralis and biceps femoris was 307 
recorded with pairs of silver chloride circular (recording diameter of 10 mm) surface 308 
electrodes (Swaromed, Nessler Medizintechnik, ref 1066, Innsbruck, Austria) with an 309 
interelectrode (center-to-center) distance of 20 mm. Recording sites (belly of the vastus 310 
lateralis muscle proximal to the knee axis and belly of the biceps femoris) were then carefully 311 
adjusted by eliciting the greatest M-wave amplitude for each muscle at a given intensity via 312 
femoral nerve stimulation at the beginning of each testing session. Low resistance between 313 
the two electrodes (< 5 kΩ) was obtained by shaving the skin, and dirt was removed from the 314 
skin using alcohol swabs. The reference electrode was attached to the patella of the right 315 
knee. Myoelectrical signals were amplified with a bandwidth frequency ranging from 10 Hz 316 
to 500 Hz (gain = 500), digitized on-line at a sampling frequency of 2 kHz using a computer, 317 
and stored for analysis with commercially available software (AcqKnowledge 4.2 for MP 318 
Systems, Biopac Systems Inc., Goleta, USA). The root mean square (RMS), a measure of 319 
EMG amplitude, was automatically calculated with the software. 320 
Peak-to-peak amplitude and EMG RMS (including positive and negative phase of the 321 
EMG signal) of the resting M-waves were calculated and averaged for the three stimulations. 322 
For MEP, CMEP and M-waves obtained during brief submaximal contractions at 50% MVC, 323 
the area (including positive and negative phase of the EMG signal) was calculated and 324 
averaged for the four stimulations (MEP and CMEP). Cortical silent period duration of the 325 
MEP was determined by the same experimenter from the point of stimulation to the return of 326 
continuous EMG signal (29). EMG amplitude during MVC of the knee extensor muscles was 327 
quantified as the RMS for a 0.5 s interval at peak torque (250 ms interval either side of the 328 
peak torque). Maximal RMS EMG values were then normalized by the resting M-wave RMS 329 
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EMG, in order to obtain RMSMVC/RMSM ratio. RMS EMG during OLDE was calculated for 330 
the last 30 s of the first minute (baseline) and the last 30 s prior to exhaustion. 331 
 332 
Physiological measurements 333 
Cardiovascular parameters. In study 2, heart rate and arterial blood pressure were 334 
recorded via an automatic blood pressure device (Tango+, SunTech Medical, Morrisville, 335 
USA). Cardiovascular parameters were recorded during the three minutes rest (baseline), pre-336 
exercise muscle occlusion and post-exercise muscle occlusion (see Markers of Feedback 337 
from Group III-IV Muscle Afferents for more details). Cardiovascular parameters were 338 
averaged from the values recorded at the end of each minute (last 15 s) of the three minutes 339 
rest, pre-exercise muscle occlusion and post-exercise muscle occlusion. Cardiovascular 340 
parameters were also recorded at exhaustion. MAP was calculated as: 341 
ܯܣܲ = ݀݅ܽݏݐ݋݈݅ܿ ݌ݎ݁ݏݏݑݎ݁ + 1 3ൗ  × (ݏݕݏݐ݋݈݅ܿ ݌ݎ݁ݏݏݑݎ݁ − ݀݅ܽݏݐ݋݈݅ܿ ݌ݎ݁ݏݏݑݎ݁) 
Muscle oxygenation. In study 2, muscle oxygenation was assessed via near infrared 342 
spectroscopy using an Oxymon Mk III device (Artinis, Zetten, The Netherlands) emitting 343 
continuous wavelengths of 780- and 850-nm light on the exercising vastus lateralis (∼15 cm 344 
proximal and 5 cm lateral to the midline of the superior border of the patella) with  345 
transmitters-receptor probes interspaced by 4.0 cm. Probe position was marked on the skin 346 
with indelible ink to ensure reliability of re-positioning between sessions. Muscle near 347 
infrared spectroscopy data were collected with a sampling frequency of 10 Hz. Data were 348 
averaged for the 5 s prior each time point measurement (pre-exercise, at exhaustion, after 349 
three minutes of passive recovery and each 10% of the exercise). Relative concentration 350 
changes (ΔμMol) were measured from resting baseline (see figure 1) for oxyhaemoglobin 351 
(ΔO2Hb), deoxyhaemoglobin (ΔHHb), total haemoglobin (ΔtHb = O2Hb + HHb) and 352 
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haemoglobin difference (ΔHb diff = O2Hb− HHb). ΔtHb was calculated to give an index of 353 
change in regional blood volume (64). 354 
Blood lactate concentration. In study 2, blood lactate concentration was measured at 355 
rest prior to pre-exercise muscle occlusion, at exhaustion and after two minutes recovery. We 356 
did not collected blood samples after three minutes recovery to not influence measurement of 357 
MAP and leg muscle pain during muscle occlusion. 10 µl samples of capillary blood were 358 
taken from the thumb of the right hand of the subjects and immediately analyzed for lactate 359 
concentration (Biosen, EFK Diagnostics, London, England). 360 
 361 
Markers of Feedback from Group III-IV Muscle Afferents. 362 
In study 2, muscle occlusion was used at exhaustion or after three minutes of recovery 363 
to trap in the knee extensor muscles the metabolites known to stimulate group III-IV muscle 364 
afferents. At present, there is no non-invasive method allowing direct assessment of feedback 365 
from group III-IV muscle afferents in humans. However, in the absence of central motor 366 
command, feedback from these muscle afferents is known to induce an increase in MAP 367 
during muscle occlusion (38) and also to be the sensory signal processed by the brain to 368 
generate muscle pain (50). Therefore, when measured during muscle occlusion at rest (in the 369 
absence of central motor command), MAP and leg muscle pain can be used as indirect 370 
markers of feedback from group III-IV muscle afferents in humans. Usually, cardiovascular 371 
responses to post-exercise muscle occlusion are compared to resting values with no muscle 372 
occlusion. However, as muscle occlusion per se is known to induce degradation of adenosine 373 
triphosphate, increase in bradykinin and reactive oxygen species in the muscle milieu and 374 
consequently activating group III-IV muscle afferents (14, 16), we compared MAP and leg 375 
muscle pain values recorded during post-exercise muscle occlusion with values recorded 376 
during pre-exercise muscle occlusion. 377 
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Mean arterial pressure. Subjects sat on the same ergometer where the time to 378 
exhaustion test was performed. After three minutes at rest, a pneumatic cuff previously 379 
placed as high as possible on the exercising thigh was rapidly inflated (< 2 s) to 300 mmHg 380 
by an automatic inflator device (Hokanson E20 Rapid Cuff Inflator and AG101 Air Source, 381 
Bellevue, WA). The pre-exercise occlusion was maintained for three minutes to identify if 382 
the muscle occlusion (in the absence of exercise-induced metabolites) could elicit an increase 383 
in arterial blood pressure. Subjects then performed the OLDE warm-up and the time to 384 
exhaustion test. Immediately at exhaustion, or after three minutes of passive recovery, the 385 
pneumatic cuff was then re-inflated to 300 mmHg for three minutes. 386 
Leg muscle pain. Leg muscle pain was also recorded during muscle occlusion pre and 387 
post OLDE using the Cook scale (49). Values were collected at the end of each minute of the 388 
occlusion and then averaged. Subjects were also asked to report any muscle pain prior 389 
starting each session.  390 
 391 
Statistical Analysis 392 
All data are presented as means ± standard deviation (SD) unless stated. Assumptions of 393 
statistical tests such as normal distribution and sphericity of data were checked as 394 
appropriate. Greenhouse-Geisser correction to the degrees of freedom was applied when 395 
violations to sphericity were present. Paired t-tests were used to compare time to exhaustion 396 
between sessions in each study, and MAP at rest and during pre-exercise muscle occlusion. 397 
Fully repeated measures 2 x 2 ANOVAs were used to test the effects of session (OLDEexh vs 398 
OLDE3min) and time (baseline and exhaustion) on leg RPE, leg muscle pain, cardiovascular 399 
parameters and EMG RMS. Fully repeated measures 2 x 11 ANOVAs were used to test the 400 
effects of session (OLDEexh vs OLDE3min) and time on muscle oxygenation during exhaustive 401 
OLDE. One-way repeated measures ANOVAs were used to test the effects of time (pre, 402 
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exhaustion and three minutes recovery) on muscle oxygenation, blood lactate concentration, 403 
cardiovascular parameters during muscle occlusion and neuromuscular function parameters. 404 
Significant effects of time were followed up with Holm-Bonferonni tests as appropriate. As 405 
no cardiovascular and neuromuscular function parameter differed between sessions at pre-406 
exercise, pre-exercise values of each session were averaged. Assumption of normality for leg 407 
muscle pain during muscle occlusion after three minutes recovery was violated. Therefore, a 408 
Friedman ANOVA was performed. A significant effect of time was followed-up by 409 
Wilcoxon signed ranked tests with Holm-Bonferonni correction. When interactions are not 410 
significant, only main effects are reported. When interactions are significant, relevant simple 411 
main effects are reported. Significance was set at 0.05 (2-tailed) for all analyses, which were 412 
conducted using the Statistical Package for the Social Sciences, version 20 for Mac OS X 413 
(SPSS Inc., Chicago, IL, USA). Cohen’s effects size (dz) were calculated with G*Power 414 
software (version 3.1.6, Universität Düsseldorf, Germany) and reported for follow up tests on 415 
cardiovascular parameters and leg muscle pain during muscle occlusion, and neuromuscular 416 
function parameters. 417 
 418 
419 
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RESULTS 420 
 OLDEexh and OLDE3min refer to the session with either muscle occlusion or 421 
neuromuscular tests performed respectively shortly after exhaustion and after three minutes 422 
of recovery. Time to exhaustion was similar between sessions in study 1 (OLDEexh: 9.0 ± 2.9 423 
min, OLDE3min: 10.3 ± 4.3 min, P=0.164) and study 2 (OLDEexh: 10.7 ± 5.4 min, OLDE3min: 424 
11.1 ± 5.4 min, P=0.555). 425 
 426 
Physiological and perceptual responses during exhaustive high intensity 427 
OLDE 428 
Cardiovascular and perceptual responses. Main effects of time for cardiovascular 429 
and perceptual responses to exhaustive OLDE are presented table 1. Except systolic arterial 430 
pressure that presented a significant interaction effect (P=0.002), all parameters did not 431 
present any main effect of session (all P>0.05) or interaction (all P>0.05), and significantly 432 
increased at exhaustion compared to baseline (all P<0.01). Follow up tests on the interaction 433 
effect (P=0.007) for the systolic arterial pressure revealed that exhaustion values were 434 
significantly higher than baseline in both sessions (P<0.001). However, baseline values 435 
(P=0.817) and exhaustion values (P=0.066) did not significantly differ between sessions. 436 
Blood lactate concentration did not recover after two minutes (P=0.174). 437 
 438 
INSERT TABLE 1  439 
 440 
Muscle oxygenation. Main effects of time for muscle oxygenation during exhaustive 441 
high intensity OLDE are presented in figure 2. All parameters did not present any main effect 442 
of session (all P>0.05) or interaction (all P>0.05). ΔO2Hb (figure 2A) was lower than 443 
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baseline (P<0.001) only from 10% to 50% of the time to exhaustion. ΔHHb (figure 2B) 444 
progressively increased until 20% of the time to exhaustion had been completed, and then 445 
plateaued (P<0.001). ΔHb diff (figure 2C) decreased and then plateaued after 10% of the time 446 
to exhaustion (P<0.001). Despite ΔtHb (figure 2D) increased over time (P=0.001), follow up 447 
tests failed to reveal any significant difference between different times compared to baseline 448 
and exhaustion values.  449 
 450 
INSERT FIGURE 2  451 
 452 
Muscle oxygenation parameters at baseline, exhaustion and after three minutes 453 
recovery are presented in figure 3. At exhaustion, ΔO2Hb (figure 3A) was lower than 454 
baseline (P=0.013). After three minutes of recovery, ΔO2Hb was higher than baseline 455 
(P=0.006) and differed from exhaustion (P=0.002). At exhaustion, ΔHHb (figure 3B) was 456 
higher than baseline (P=0.014). After three minutes of recovery, ΔHHb was lower than 457 
exhaustion (P=0.006) but did not differ from baseline (P=0.101). At exhaustion, ΔtHb (figure 458 
3C) did not differ from baseline (P=0.208) but was higher after three minutes of recovery 459 
compared to baseline (P=0.036). At exhaustion, muscle ΔHb diff (Figure 3D) was lower than 460 
baseline (P=0.006), but after three minutes recovery muscle ΔHb diff was higher than 461 
baseline (P=0.006) and higher than exhaustion (P=0.002).  462 
 463 
INSERT FIGURE 3 464 
 465 
Changes in neuromuscular function induced by exhaustive high intensity 466 
OLDE and recovery 467 
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There were no significant differences in pre-exercise neuromuscular function 468 
parameters between sessions (all P>0.090). Therefore, pre-exercise values of each session 469 
were averaged. Changes in neuromuscular parameters induced by exhaustive OLDE are 470 
presented in table 2. MVC torque decreased significantly at exhaustion (-41 ± 17 %, P<0.001, 471 
dz=2.897). MVC torque partially recovered after three minutes of recovery (P=0.005, 472 
dz=1.401), but it was still significantly lower than pre-exercise values (-25 ± 15 %, P=0.002, 473 
dz=2.073). 474 
 475 
INSERT TABLE 2 476 
 477 
Peripheral fatigue. Doublet amplitude decreased significantly at exhaustion (-40 ± 15 478 
%, P<0.001, dz=2.735) and remained lower than pre-exercise values after three minutes of 479 
recovery (-28 ± 9 %, P<0.001, dz=5.128). However, doublet amplitude partially recovered 480 
after three minutes (P=0.023, dz=0.722). Tw and TwRFD decreased at exhaustion and 481 
remained lower than pre-exercise values after three minutes recovery (all P<0.001). Tw and 482 
TwRFD did not recover after three minutes (P=0.740, dz=0.122 and P=0.814, dz=0.086). 483 
Mamplitude at rest did not change over time (P=0.373). Mamplitude at 50% MVC was significantly 484 
higher than pre-exercise only at exhaustion (+7 ± 6 %, P=0.036, dz=1.198). Marea at 50 % 485 
MVC was significantly higher than pre-exercise at exhaustion (+20 ± 12 %, P=0.006, 486 
dz=1.727) and tended to be higher than pre-exercise after three minutes recovery (+12 ± 12 487 
%, P=0.060, dz=0.958). 488 
Central fatigue. Voluntary activation level (figure 4A) decreased significantly at 489 
exhaustion (-13 ± 13 %, P=0.039, dz=1.160) and remained lower than pre-exercise values 490 
after three minutes of recovery (-6 ± 6 %, P=0.036, dz=1.087). However, voluntary activation 491 
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level partially recovered after three minutes (P=0.050, dz=0.835). RMSMVC/RMSM of the 492 
vastus lateralis did not change over time (P=0.272). 493 
Cortical and spinal excitability. MEParea/Marea ratio (figure 4B) increased at 494 
exhaustion (+25 ± 27 %, P<0.001, dz=1.005) and remained higher than pre-exercise values 495 
after three minutes of recovery (+17 ± 20 %, P<0.001, dz=0.902). However, MEParea/Marea 496 
ratio partially recovered after three minutes (P=0.003, dz=0.249). CMEParea/Marea ratio (figure 497 
4C) was significantly lower than pre-exercise only at exhaustion (-38 ± 13 %, P<0.001, 498 
dz=4.245). CMEParea/Marea ratio fully recovered after three minutes (P=0.032, dz=1.450). 499 
CMEParea/MEParea (figure 4D) decreased at exhaustion (-48 ± 17 %, P=0.003, dz=2.891) and 500 
remained lower than pre-exercise values after three minutes of recovery (-17 ± 14 %, 501 
P=0.033, dz=1.192). CMEParea/MEParea ratio partially recovered after three minutes (P=0.010, 502 
dz=1.975). Finally, CSP (figure 4E) was significantly higher than pre-exercise only at 503 
exhaustion (+19 ± 9 %, P=0.003, dz=1.946) and not after three minutes of recovery (+5 ± 13 504 
%, P=0.345, dz=0.358). A typical recording of MEP and CMEP for one subject is shown in 505 
figure 5. This figure illustrates the alterations in corticospinal parameters previously 506 
described. 507 
  508 
INSERT FIGURE 4 AND 5 509 
 510 
Changes in markers of feedback from group III-IV muscle afferents induced 511 
by exhaustive high intensity OLDE and recovery 512 
Cardiovascular parameters. MAP during muscle occlusion pre-exercise was 513 
significantly higher compared to pre-exercise MAP with no muscle occlusion (90.0 ± 7.9 514 
mmHg vs 85.9 ± 5.9 mmHg, p=0.025) confirming that muscle occlusion per se can stimulate 515 
Group III and IV muscle afferents. Therefore, in order to assess changes in afferent feedback 516 
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induced by exhaustive high intensity OLDE exercise and recovery, cardiovascular parameters 517 
during post-exercise muscle occlusion were compared to cardiovascular parameters during 518 
pre-exercise muscle occlusion. There were no significant differences between sessions in 519 
cardiovascular parameters during the pre-exercise muscle occlusion. Therefore, pre-exercise 520 
values of each session were averaged. Cardiovascular parameters during muscle occlusion 521 
pre-exercise and post-exercise are presented figure 6. Heart rate (figure 6A) was higher 522 
during muscle occlusion at exhaustion (P=0.009, dz=1.294) and remained higher than pre-523 
exercise values after three minutes of recovery (P=0.006, dz=1.264). Systolic arterial pressure 524 
(figure 6B) was higher during muscle occlusion at exhaustion (P=0.006, dz=1.388) and 525 
remained higher than pre-exercise values after three minutes of recovery (P=0.014, 526 
dz=0.940). After three minutes of recovery, systolic arterial pressure during muscle occlusion 527 
was lower compared to values at exhaustion (P=0.026, dz=1.439). Diastolic arterial pressure 528 
(figure 6C) during muscle occlusion was higher than pre-exercise values only at exhaustion 529 
(P=0.006, dz=0.971). MAP (figure 6D) was higher during muscle occlusion at exhaustion 530 
(P=0.006, dz=1.339) compared to pre-exercise values, but recovered after three minutes 531 
(P=0.172, dz=0.470). MAP during muscle occlusion after three minutes of recovery was 532 
lower than MAP at exhaustion (P=0.006, dz=1.241). 533 
 534 
INSERT FIGURE 6  535 
 536 
Leg muscle pain. No subjects reported leg muscle pain at the start of each session. 537 
Leg muscle pain during the pre-exercise muscle occlusion was higher during the OLDEexh 538 
session compared to the OLDE3min session (2.48 ± 1.55 vs 1.74 ± 1.27, P=0.047, dz = 0.728). 539 
During the OLDEexh session, leg muscle pain during the muscle occlusion at exhaustion was 540 
higher than pre-exercise values (6.24 ± 2.83 vs 2.48 ± 1.55, P=0.044, dz =1.286). After three 541 
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minutes of recovery during the OLDE3min session, leg muscle pain during muscle occlusion 542 
was similar to pre-exercise values (2.93 ± 2.11 vs 1.74 ± 1.27, P=0.514, dz =0.392). After 543 
three minutes of recovery during the OLDE3min session, leg muscle pain during muscle 544 
occlusion was perceived to be lower than leg muscle pain during muscle occlusion at 545 
exhaustion during the OLDEexh session (6.24 ± 2.83 vs 2.93 ± 2.11, P=0.036, dz =1.189). 546 
547 
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DISCUSSION 548 
The aim of study 1 was to describe central fatigue and other central alterations of 549 
neuromuscular function following exhaustive high intensity OLDE. This is the first study 550 
reporting an increase in cortical excitability and cortical silent period, and a decrease in spinal 551 
excitability at exhaustion following exhaustive high intensity OLDE. As expected, central 552 
fatigue and changes in corticospinal parameters induced by exhaustive high intensity OLDE 553 
were greater shortly after exhaustion than after three minutes of recovery. The aim of study 2 554 
was to use MAP and leg muscle pain during muscle occlusion as markers of feedback from 555 
group III-IV muscle afferents. As expected, these markers demonstrate that exhaustive high 556 
intensity OLDE significantly increases feedback from group III-IV muscle afferents. 557 
Furthermore, our results suggest that after three minutes of recovery this afferent feedback is 558 
no longer significant. When integrating the results of both studies, the present investigation 559 
suggests that the observed increase in cortical silent period and decrease in spinal excitability 560 
are strongly associated with feedback from group III-IV muscle afferents. However, central 561 
fatigue (i.e. an exercise-induced decrease in voluntary activation level) was only weakly 562 
associated with feedback from group III-IV muscle afferents as demonstrated by the 563 
persistence of central fatigue despite no significantly higher leg muscle pain and MAP during 564 
muscle occlusion after three minutes of recovery. This finding suggests that additional 565 
mechanisms must play a significant role in the central fatigue induced by exhaustive high 566 
intensity OLDE. 567 
 568 
Physiological and perceptual responses during exhaustive high intensity 569 
OLDE 570 
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As observed in previous studies, high intensity OLDE performed to exhaustion 571 
induced significant increases in blood lactate, perception of effort and leg muscle pain, and 572 
EMG activity of the vastus lateralis muscle (7, 56). Additionally, MAP and heart rate also 573 
increased during exhaustive high intensity OLDE.  574 
We monitored changes in oxygenation of the vastus lateralis muscle via near infrared 575 
spectroscopy. Interestingly, the vastus lateralis muscle deoxyhaemoglobin signal continued to 576 
increase until 20% of the time to exhaustion test, and then plateaued, with no change in total 577 
haemoglobin. This early increase and plateau suggests an increase in oxygen extraction that is 578 
then held constant until exhaustion. This early alteration in vastus lateralis muscle 579 
oxygenation may reflect the development of peripheral fatigue that occurs within the first 580 
40% of high intensity self-paced isokinetic exercise (23). 581 
 582 
Muscle fatigue and peripheral fatigue following exhaustive high intensity 583 
OLDE and recovery 584 
Exhaustive high intensity OLDE induced significant muscle fatigue, as demonstrated 585 
by the decrease in MVC torque shortly after exhaustion and after three minutes of recovery. 586 
The decrease in MVC torque measured shortly after exhaustion in the present study (~40%) 587 
is greater than that demonstrated by Cheng and Rice (~25%; 13) following OLDE performed 588 
at maximal contraction velocity. The difference between both studies is likely due to the fact 589 
that their subjects did not reach volitional exhaustion but were stopped once the contraction 590 
velocity was reduced by 35%. Contrary to Cheng and Rice (13), the isometric MVC torque in 591 
our study partially recovered after three minutes. This recovery was associated with a 592 
recovery in peripheral fatigue (e.g. doublet amplitude evoked at rest), confirming a recovery 593 
in skeletal muscle function (23). Our findings also support the existence of low frequency 594 
fatigue following exhaustive dynamic exercise (18, 23). Indeed, only torque amplitude 595 
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evoked by high frequency stimulation (doublet at 100 Hz), and not by single stimulation, 596 
recovered after three minutes. 597 
 598 
Central fatigue following exhaustive high intensity OLDE and recovery 599 
To the best of our knowledge, only one study (54) demonstrated a significant decrease 600 
in voluntary activation level measured within 2.5 min after cessation of exhaustive high 601 
intensity OLDE. Our finding that voluntary activation level partially recovers three minutes 602 
after exhaustion suggests that this typical time delay between cessation of dynamic exercise 603 
and the start of neuromuscular testing may lead to an underestimation of the extent of central 604 
fatigue induced by dynamic exercise such as OLDE (7, 56) and cycling exercise (e.g. 4). 605 
Nevertheless, contrary to these previous studies, we found a significant decrease in voluntary 606 
activation level after three minutes of recovery. Our ability to detect persistent central fatigue 607 
three minutes after exhaustive high intensity OLDE may be explained by i) the use of high 608 
frequency paired stimulation (100 Hz) to overcome the negative effect of low frequency 609 
fatigue on force production; and ii) the fact that we used electrical stimulation and not 610 
magnetic stimulation to induce the superimposed and potentiated doublet. Despite that 611 
magnetic and electrical stimulation are known to be both valid for neuromuscular function 612 
testing (65), some studies assessing neuromuscular function following exhaustive dynamic 613 
exercise with magnetic stimulation were unable to stimulate at supramaximal intensity 614 
(stimulation performed at a near-plateau of resting twitch and M-wave; e.g. 4, 5). Therefore, 615 
as the excitation threshold of nerve fibers increases with fatigue (11), these studies may have 616 
underestimated the magnitude of knee extensor muscle fatigue. 617 
Several studies used the RMSMVC/RMSM EMG ratio to quantify the amount of central 618 
fatigue following prolonged dynamic exercise (for review see 48) or isometric muscle 619 
contractions (e.g. 51). In contrast to previous studies showing similar changes in voluntary 620 
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activation level and RMSMVC/RMSM EMG ratio following isometric contraction of the knee 621 
extensor muscles (e.g. 51), we did not find a decrease in the RMSMVC/RMSM EMG ratio 622 
either shortly after exhaustive high intensity OLDE or after three minutes of recovery. This 623 
result confirms that EMG signal is not a reliable index of central motor drive during high 624 
intensity dynamic exercise (21). Therefore, as recently reminded, assessment of central 625 
fatigue should be performed via the twitch interpolation technique (26).  626 
 627 
Cortical and spinal excitability following exhaustive high intensity OLDE and 628 
recovery 629 
Our findings provide the first evidence that high intensity OLDE performed to 630 
exhaustion significantly decreases spinal excitability whilst increasing supraspinal 631 
excitability. Shortly after exhaustion, MEParea/Marea ratio presented an increase of ~30%, 632 
while CMEParea/Marea ratio decreased by ~40% compared to pre-exercise levels. Contrary to 633 
MEParea/Marea ratio, CMEParea/Marea ratio fully recovered after three minutes. The motor 634 
evoked potential results differ from those obtained following intermittent submaximal 635 
isometric contractions performed until exhaustion (30, 32) or task failure (defined as a 636 
decrease in MVC force of 35%; 37). In the studies previously mentioned, the authors found 637 
both an unchanged motor evoked potential (30, 32) and a decrease in corticospinal 638 
excitability (37). Interestingly, Jubeau et al. (36) and Temesi et al. (63) found an increase in 639 
motor evoked potential following prolonged cycling and running exercise. Therefore, taking 640 
the findings of these studies together, it seems that changes in corticospinal excitability of the 641 
knee extensor muscles might be specific to the muscle contraction performed. Moreover, the 642 
50% decrease in CMEParea/MEParea ratio shortly after exhaustion also suggests that increases 643 
in cortical excitability are likely to be underestimated. Indeed, motor evoked potential may be 644 
influenced by fatigue related changes in responsiveness of the motoneuron pool, as is the case 645 
29 
 
in the present study (i.e. decrease in cervicomedullary motor evoked potential). The relatively 646 
short time course of recovery in cortical and spinal excitability could be a factor in the 647 
previously reported lack of significant changes in corticospinal excitability following 648 
exhaustive cycling exercise (e.g. 28).  649 
 An increase in cortical silent period has been suggested to reflect an increase in 650 
excitability of inhibitory gamma-aminobutyric acid (GABA)B interneurons (25). To the best 651 
of our knowledge, only one study (63) demonstrated an increase in cortical silent period (at 652 
sub-optimal transcranial magnetic stimulation intensity) following prolonged running 653 
exercise, and only one study following intermittent isometric exercise performed until 654 
exhaustion (32). Our findings present the first experimental evidence that exhaustive OLDE 655 
induces an increase in cortical silent period. However, caution has to be taken in cortical 656 
silent period interpretation, as cortical silent period may reflect impaired motoneurons 657 
responsiveness rather than intracortical inhibition (46). Therefore, as the increase in cortical 658 
silent period and its recovery were associated with impaired motoneurons responsiveness and 659 
its recovery, the present study limits the conclusions on whether the observed increase in 660 
cortical silent period reflects an increase in cortical inhibition, a decrease in motoneurons 661 
responsiveness, or a combination of both phenomena. 662 
 663 
Feedback from group III-IV muscle afferents following exhaustive high 664 
intensity OLDE and recovery 665 
As expected, muscle occlusion pre-exercise (in the absence of exercise-induced 666 
metabolites) induced an increase in MAP and leg muscle pain compared to resting values 667 
(with no muscle occlusion). This increase in MAP and leg muscle pain during pre-exercise 668 
muscle occlusion is likely to be caused by degradation of adenosine triphosphate, increase in 669 
bradykinin and reactive oxygen species in the muscle milieu during the muscle occlusion, 670 
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inducing feedback from group III-IV muscle afferents (14, 16). Therefore, indirect 671 
assessment of exercise-induced feedback from group III-IV muscle afferents must be 672 
compared between pre and post-exercise muscle occlusion and not between resting (no 673 
muscle occlusion) and post-exercise muscle occlusion. 674 
Both MAP and leg muscle pain during post-exercise muscle occlusion increased 675 
shortly after exhaustion and returned to pre-exercise values after three minutes recovery. 676 
Moreover, MAP and leg muscle pain significantly decreased during the three minutes 677 
recovery. Therefore, our results suggest a strong feedback from group III-IV muscle afferents 678 
only shortly after exhaustion and not after three minutes of recovery. The decrease in 679 
feedback from group III-IV muscle afferents is likely to be explained by a decrease in 680 
exercise-induced metabolites in the muscle milieu during the recovery period. This 681 
hypothesis is supported by our near infrared spectroscopy data. Indeed, near infrared 682 
spectroscopy can be use as an indirect index of oxidative metabolism (33). The higher O2Hb 683 
and Hb diff after three minutes of recovery compared to exhaustion is suggestive of a 684 
decrease in exercise-induced metabolites in the muscle. Indeed O2Hb is known to be 685 
correlated with regulatory metabolites (ADP and PCr) of oxidative phosphorylation (33). 686 
However, interpretation of the O2Hb signal is complicated by contaminant increases in tHb 687 
following the exhaustive exercise. Previous studies using microdialysis and biopsies 688 
demonstrated that metabolites concentration in the muscle milieu following dynamic exercise 689 
is known to quickly decrease (41, 58), providing further support to the decrease in feedback 690 
from group III-IV muscle afferents observed after three minutes of recovery in the present 691 
study. 692 
 693 
Association between feedback from group III-IV muscle afferents and central 694 
alterations of neuromuscular function 695 
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 By integrating the results of study 1 and 2 we also investigated qualitatively the 696 
association between central alterations of neuromuscular function and feedback from group 697 
III-IV muscle afferents. The concomitant increased-leg muscle pain and MAP during muscle 698 
occlusion and decrease in voluntary activation level shortly after exhaustion is consistent with 699 
the hypothesis that feedback from group III-IV muscle afferents might induce a reduction in 700 
the capacity of the central nervous system to fully recruit the active muscles during an MVC 701 
(for review see 25). Our findings on the recovery time course of central fatigue are of 702 
particular importance in the interpretation of previous studies, which proposed feedback from 703 
group III-IV muscle afferents as an important contributor to the inhibition of central motor 704 
drive (e.g. 3). Indeed, the persistent decrease in voluntary activation level after three minutes 705 
recovery occurred despite no significantly higher leg muscle pain and MAP during muscle 706 
occlusion, two markers of feedback from III-IV muscle afferents (12, 15, 22). The persistence 707 
of central fatigue after three minutes of recovery confirms that mechanisms other than 708 
feedback from group III-IV muscle afferents significantly contribute to central fatigue (for 709 
review see 25). For example, alterations in brain dopamine (47) or brain glycogen 710 
concentration (44) might be important contributors to the decrease in voluntary activation 711 
level observed following dynamic exercise. 712 
Our results on central fatigue suggest that the cause and effect relationship between 713 
feedback from group III-IV muscle afferents and inhibition of the central motor drive needs 714 
to be established more firmly. Indeed, in one of the few experimental studies on the knee 715 
extensor muscles to date, Graven-Nielsen et al. (31) found a decrease of 20% in MVC torque 716 
of the knee extensor muscles following injection of hypertonic saline solution (known to 717 
induce afferent feedback from the injected muscles) in the rectus femoris muscle. This 718 
decrease in MVC torque occurred in the absence of peripheral alterations, suggesting a causal 719 
link between feedback from group III-IV muscle afferents and central fatigue. However, 720 
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because the authors did not measure voluntary activation level, this causal link remains 721 
unclear. Furthermore, Hilty et al. (34) failed to demonstrate an effect of spinal blockade of 722 
afferent feedback on maximal voluntary contraction of the knee extensor muscles after 723 
fatiguing isometric exercise. At first glance, the results of Hilty et al. (34) seem to argue 724 
against the causal association between feedback from group III-IV muscle afferents and 725 
neuromuscular fatigue (i.e. exercise-induced decline in MVC force/torque). However, the 726 
authors measured MVC force seven minutes after cessation of exercise (34). Our results 727 
clearly suggest that, after such a long time delay, feedback from group III-IV muscle 728 
afferents is no longer significant. Therefore, further investigations are required to establish 729 
the cause and effect relationship between feedback from group III-IV muscle afferents and 730 
impairments in MVC force/torque and voluntary activation level. 731 
 The present study demonstrates complete recovery of the CMEParea/Marea ratio after 732 
three minutes suggesting that feedback from group III-IV muscle afferents is likely to 733 
decrease the responsiveness of the motoneuron pool innervating the knee extensor muscles. 734 
Similar to MAP and leg muscle pain during muscle occlusion (i.e. both markers of feedback 735 
from group III-IV muscle afferents), the cortical silent period increased only shortly after 736 
exhaustion and was fully recovered after three minutes. These parallel changes in 737 
metaboreflex, leg muscle pain and cortical silent period suggest that feedback from group III-738 
IV muscle afferents might cause the lengthening of the cortical silent period. This hypothesis 739 
has received experimental support from a spinal blockade study by Hilty et al. (34). These 740 
authors found a lack of increase in cortical silent period following isometric knee extension 741 
exercise, only when subjects received injection of intrathecal fentanyl that is known to block 742 
feedback from group III-IV muscle afferents from the working muscles. 743 
 744 
Limitations 745 
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The results of the first study describe the extent of central fatigue and changes in 746 
corticospinal excitability following exhaustive high intensity OLDE. However, as 747 
cervicomedullary motor evoked potential in the lower limbs can be elicited only during 748 
submaximal contraction for most subjects (62), our data does not provide any information on 749 
the resting corticospinal excitability. Furthermore, as MEPamplitude and CMEPamplitude ratio 750 
were not matched and consequently activated a different proportion of the motoneuron pool, 751 
further studies matching motor evoked potential and cervicomedullary motor evoked 752 
potential amplitude are required. However, because motor evoked potential increased and 753 
cervicomedullary motor evoked potential decreased (antagonistic responses), we are 754 
confident that future studies matching motor evoked potential and cervicomedullary motor 755 
evoked potential amplitude will strength the results of the present study. 756 
The second study demonstrated a recovery in MAP and leg muscle pain during 757 
muscle occlusion after three minutes of recovery. As both MAP and leg muscle pain in the 758 
absence of central motor command are known to reflect central integration of feedback from 759 
group III-IV muscle afferents, our results suggest that muscle occlusion can be used to 760 
indirectly assess feedback from group III-IV muscle afferents in humans. However, further 761 
studies need to investigate the validity and reliability of this new methodology, by comparing 762 
the recovery in MAP and leg muscle pain during muscle occlusion with the concentration of 763 
exercise-induced metabolites in the muscle milieu. 764 
 765 
Perspectives and significance 766 
The findings of the present study suggest that the alterations in spinal excitability and 767 
CSP induced by high intensity OLDE are associated with an increase in afferent feedback at 768 
exhaustion, whilst central fatigue does not fully recover even when significant afferent 769 
feedback is no longer present. Nevertheless, the cause and effect relationship between 770 
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feedback from group III-IV muscle afferents and central fatigue still needs to be established. 771 
The exercise model and new integrative methodology used in the present investigation 772 
provide some tools to perform various experimental manipulations (e.g. spinal blockade of 773 
afferent feedback from the working muscles) to test whether a cause and effect relationship 774 
exists between feedback from group III-IV muscle afferents, central fatigue and corticospinal 775 
excitability in humans. 776 
 777 
778 
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TABLES 956 
 957 
Table 1. Cardiovascular and perceptual responses to exhaustive high intensity one leg 958 
dynamic exercise. Baseline values were measured at rest prior to pre-exercise muscle 959 
occlusion. Leg RPE (rating of perceived exertion) and leg muscle pain baseline values were 960 
measured during the last 15 s of the warm-up. Values are presented as mean ± SD for the 961 
main effect of time. ***significant difference from baseline P<0.001, **significant difference 962 
from baseline P<0.01. 963 
 964 
 965 
 966 
 Baseline Exhaustion 
Leg RPE 7.6 ± 0.9 19.7 ± 0.4*** 
Leg muscle pain 0.3 ± 0.5 6.8 ± 2.8*** 
Lactate (mmol/L) 1.13 ± 0.27 5.27 ± 1.69*** 
Heart Rate (beats/min) 64.3 ± 10.9 129 ± 10.8*** 
Systolic arterial pressure 
(mmHg) 113.7 ± 8.6 185.5 ± 26.8
*** 
Diastolic arterial pressure 
(mmHg) 71.9 ± 7.5 94.9 ± 17.0
** 
Mean arterial pressure 
(mmHg) 85.8 ± 6.5 125.1 ± 17.4
*** 
 967 
 40
Table 2. Changes in neuromuscular parameters following exhaustive high intensity 968 
one leg dynamic exercise. Neuromuscular tests were performed pre and post exercise, 969 
either shortly after exhaustion or after three minutes of recovery (+3min). CMEP, 970 
cervicomedullary evoked motor potential; CSP, cortical silent period; M, maximal M-971 
wave; MEP, motor evoked potential; MVC, maximal voluntary contraction; RMS, 972 
root mean square; VAL, voluntary activation level; VL, vastus lateralis; RFD, rate of 973 
force development; Tw, peak twitch. n=8 for MEP parameters, n=6 for CMEP 974 
parameters and n=6 for CMEParea/MEParea. *significant difference from pre P<0.05, 975 
**significant difference from pre P<0.01, ***significant difference from pre P<0.001, £ 976 
significant difference from exhaustion P<0.05, ££ significant difference from 977 
exhaustion P<0.01. 978 
 979 
 980 
981 
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 982 
983 
 pre exhaustion +3min 
MVC (N∙m) 236 ± 46 141 ± 50*** 180 ± 62**££ 
Peripheral parameters   
Doublet (N∙m) 91 ± 14 55 ± 21*** 66 ± 13***£ 
Tw (N∙m) 41 ± 8 25 ± 12*** 26 ± 10*** 
TwRFD (N∙m/ms) 0.50 ± 0.07 0.32 ± 0.12*** 0.33 ± 0.09*** 
Mamplitude (VL) at 
rest (mV) 15.0 ± 0.5 15.5 ± 1.1 15.2 ± 0.8 
Mamplitude (VL) at 
50% MVC (mV) 13.9 ± 0.8 14.8 ± 0.6
* 14.2 ± 1.2 
Marea (VL) at 50% 
MVC (mV/s) 0.094 ± 0.011 0.111 ± 0.008
** 0.105 ± 0.017 
Central parameters   
RMSMVC/RMSM 
(VL)  EMG (%) 36.3 ± 11.4 43.0 ± 19.7 40.9 ± 19.2 
VAL (%) 93.2 ± 6.7 81.4 ± 15.2* 88.2 ± 9.7*£ 
Cortical and spinal excitability  
MEParea (mV/s) 0.058 ± 0.010 0.085 ± 0.015*** 0.074 ± 0.013***££ 
MEParea/Marea (%) 63.3 ± 13.9 76.7 ± 11.8*** 72.8 ± 16.6***££ 
CSP (ms) 105.6 ± 13.2 126.3 ± 20.0** 110.5 ± 19.7 
CMEParea (mV/s) 0.033 ± 0.011 0.026 ± 0.015 0.034 ± 0.010 
CMEParea/Marea 
(%) 35.9 ± 13.7 23.2 ± 12.7
*** 32.4 ± 10.0£ 
CMEParea/MEParea 
(%) 57.3 ± 16.1 31.4 ± 16.3
** 47.2 ± 11.8**££ 
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FIGURE LEGEND 984 
Figure 1. Overall view of the protocol for both studies and timing of neuromuscular 985 
tests performed in study 2. CMEP, cervicomedullary motor evoked potential; M-986 
wave, maximal muscular wave; MEP, motor evoked potential; MVC, maximal 987 
voluntary contraction; NIRS, near-infrared spectroscopy; PPO, peak power output. 988 
 989 
Figure 2. Changes from resting values (baseline) in vastus lateralis muscle 990 
oxyhaemoglobin (O2Hb, panel A), deoxyhaemoglobin (HHb, panel B), haemoglobin 991 
difference (Hb diff, panel C) and total haemoglobin (tHb, panel D) during exhaustive 992 
high intensity one leg dynamic exercise expressed in percentage of time to 993 
exhaustion. Data are presented as mean ± SEM for the main effect of time. Despite 994 
ΔtHb increasing over time (P=0.001), follow up tests failed to reveal any significant 995 
difference between different times compared to baseline and exhaustion values. 996 
*significant difference from baseline P<0.05, **significant difference from baseline 997 
P<0.01,*** significant difference from baseline P<0.001. ££ significant difference from 998 
100% (exhaustion) P<0.01. 999 
 1000 
Figure 3. Changes in muscle oxygenation following exhaustive high intensity one 1001 
leg dynamic exercise. Panel A,B,C and D present changes from resting values in 1002 
vastus lateralis muscle oxyhaemoglobin (O2Hb), deoxyhaemoglobin (HHb), 1003 
haemoglobin difference (Hb diff) and total haemoglobin (tHb) following exhaustive 1004 
one leg dynamic exercise. Data were recorded at exhaustion and after three minutes of 1005 
passive recovery (+3min). Data are presented as mean ± SEM. *significant difference 1006 
 43
from baseline P<0.05, **significant difference from baseline P<0.01. £ significant 1007 
difference from exhaustion P<0.05, ££ significant difference from exhaustion P<0.01. 1008 
 1009 
Figure 4. Changes in central fatigue and corticospinal parameters relative to 1010 
baseline (i.e. pre-exercise values) following exhaustive high intensity one leg 1011 
dynamic exercise. Data were recorded shortly after exhaustion and after three minutes 1012 
recovery (+3min). Decrease in voluntary activation level (VAL) is presented panel A. 1013 
Changes in motor evoked potential (MEP, n=8) area normalized by maximal M-wave 1014 
(M) area (panel B).  Changes in cervicomedullary motor evoked potential (CMEP, 1015 
n=6) area normalized by maximal M-wave area (panel C). Changes in the ratio 1016 
CMEParea/MEParea (panel D, n=6) and the MEP cortical silent period (CSP, panel E). 1017 
Data are presented as mean ± SEM. Baseline corresponds to values pre-exercise. * 1018 
significant difference from baseline value for the same session (P<0.05), ** significant 1019 
difference from baseline value for the same session (P<0.01), *** significant difference 1020 
from baseline value for the same session (P<0.001), £ significant difference from 1021 
exhaustion value (P<0.05), ££ significant difference from exhaustion value (P<0.01). 1022 
 1023 
Figure 5. A typical recording of changes in motor evoked potentials (panel A) and 1024 
cervicomedullary motor evoked potentials (panel B) recorded on the vastus lateralis 1025 
muscle (VL). The arrow represents the point of stimulation. Measurements were 1026 
performed pre exhaustive high intensity one leg dynamic exercise (grey line), at 1027 
exhaustion (black line) and after three minutes recovery (+3min, dotted line). 1028 
 1029 
Figure 6. Cardiovascular responses during muscle occlusion pre and post exercise. 1030 
Occlusion post-exercise occurred either at exhaustion or after three minutes of 1031 
 44
recovery (+3min). Values are presented as mean ± SEM. **significant difference from 1032 
pre P<0.01, £ significant difference from exhaustion P<0.05, ££ significant difference 1033 
from exhaustion P<0.01. 1034 
 1035 
 1036 
 1037 






